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NATIONAL, ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ADDITIONAL, EXPERTMENTAL. HEAT-TRANSFER AND DURABILITY DATA ON
SEVERAL FORCED-CONVECTION, ATR~COOLED, ,STRUT-SUPPORTED
TURBINE BLADES OF IMPROVED DESIGN

By Eugene F. Schum

SUMMARY

An investigstion has been underway at the NACA Lewis leboratory to
develop &lr-cooled, strut-supported turbine blades. As part of this
program six blades were Investigated in a full-scale turbojet engine to
obtaln data on blade durability and to obtain the blade-cooling effec-
tiveness and strut temperature trends at turbine-inlet gas temperatures
higher than had been previously reported. These blades consisted of a
machined, finned internal load-carrying member, or strut, to which a two-
piece cast base and a two-piece airfoll shell were attached by brazing.
The strut and blade base were febricated from Timken 17-22A(8) steel and
the shell, from N-155 material.

At the higher turbine-inlet gas temperature of 1815° F and at engine
speeds to 11,500 rpm, the measured strut temperatures were as expected
on the basis of analytlical methods. At this gas temperature, the meas-
ured temperature differences between the midchord and the leading-edge
reglons and between the midchord and the trailing-edge regions of the
strut were of the order of 20° and 175° F, respectively. These differ-
ences were comparable wilth the difference measured at a lower turbine-
inlet temperature of 1650° F. Substantial differences were obtained be-
between the effective gas and strut temperatures. At a coolant-flow
ratio of 0.012 and a turbine-inlet temperature of 1815° F, for exam-
ple, the aversge strut temperature at the 3/8 span location was 1025°
F, approximately 575° F below the effective gas temperature. Calculated
spanwise blade temperatures for this gas temperature verified the need
of a protective coasting on the steel strut to prevent oxidation. Oxida-
tion problems of the N-155 shell were not expected. Calculated strut
temperatures were generally 20° F below experimental values.

In a steady-speed durgblllity investigation, conducted at a rated
engine speed of 11,500 rpm #nd a turbine-inlet gas temperature of 1870°
F, the four blades tested feiled earller than expected from stress-
rupture considerations. Failures occurred from fatigue at the base
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region of the strut where.the calculated centrifugal stress was 44,000
pounds per square inch. ZElimipation of the fgtigue failures to obtain
greater blade 1ife will probably require a different fsbrication tech-
nique and a more suitsble heat treatment to provide sufficlent ductility.
Even with these fatigue fallures, however, the blade life of the four
atrut blades operdted at constant engine speed gave indication that strut
blade life for the coolant-flow ratios investigated will probebly be
greater than that for a tube-fllled, shell-supported blade made from the
same material. S . S ;

Two of the six blades were subjected to a cyclic-speed endurance
investigatlon In order to ascertain the severity of blade thermal stresses
caused by rapidly changing gas temperatures. In addition to the success-
ful completion of 10 cycles at coolant-flow ratios of 0.05 and 0.03
reported earlier, both blades successfully completed 10 additionsal cycles
at a ratio of 0.02. One of the two blades completed 14 cycles at 0.0l
Both blades falled from fatigue at the base region of the strut. These
cyclic endurance results were encouraging even though the average life
of each blede, which was approximately 40 cycles was less than a goal of
200 cycles.

INTRODUCTION

One of the goals of turbine-ccollng reséérch 1s to obtain forced-
convectlion, alr-cooled turbine-blade configurstions that will operate
satisfactorily at elevated turbine-inlet gass temperatures with a small
emount of cooling alr. Strut-supported blades have shown promise of
operation at low coolant-flow ratios (coolant-to-gas-flow ratilo) at ela-.
vated turbine-inlet temperature levels (refs. 1 to 4). Consequently,
research is belng directed to the study'of ccoling effectivensss and
durabllity of this type of blade,

The principle of the strut-supported blade 1s that the main load of
the blade is carried by an internal finned strut. The strut 1s surrounded
by cooling air and 1s protected from the hot combustion gases by means of
an alrfouil-shaped shell. The shell 1s attached to and supported by loed-
carryling fins on the strut. Because the shell is not a principal load-.
carrying member of the blade, it is permitted to operate at a relatively
higher temperature than that of the strut.

As a result of the analysis in reference 1 and an investigation of
the first NACA strut blade in reference 2, a more detelled analysis of
the strut-type blaeie was made in referericé 3. This analysis considered
in detail the various factors affecting the cooling characteristice and
design criteris of strut blades. A second strut blade design was evolved
in which the support member of the blade was of nonstrategic material
(Timken 17-224(S) steel). The cooling effectiveness of this blade was
experimentally evaluated in reference 3 at only one turbine-inlet gas
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temperature, 1650° F, and one engine speed, 11,500 rpm., A limited amount
of blade durability obtalned during cyclic engine operation 1s also In-
cluded. This improved or second strut blade deslgn of reference 3 varied
from that of reference 2 in the following respects: (1) the design was
for a higher gas temperature (2000° F) and e higher cooling-air inlet
temperature (450° F), (2) the serodynamic shape was thinner and the pro-
file twisted from root to tip, and (3) provision was made for a more
uniform distribution of the cooling air in the blade base.

As a continuation of the work of reference 3, an experimental in-
vestigation of the improved or second blade design was made 1n order %o
obtalin more Information on blade durabillty and to extend the range of
deta on the blade heat-transfer characteristics to a turbine-inlet tem-
perature of 1815° F.

The purposes of the durebility investigation conducted herein were
(1) to obtein durability data on four blades operated at constant engine
speed, (2) to obtailn durability data on two blades subjected to cyelic
engine speeds, and (3) to evaluate the possible causes of blade failures,
if they occurred, in an effort to determine means of eliminating the
Tailures. Cycllic-type operation was used to determine to some extent
the severlity of blade thermsl stresses caused by the repidly changlng
gas tempersastures for comparison with operation at steady engine speeds.

The purposes of the heat-transfer investigation were (1) to ascer-
tain whether blade oxidation problems will be encountered at turbine-
inlet gas temperatures of the order of 1815° F, (2) to present additional
heat-transfer deta, covering a wide range of engine operating conditions,
and (3) to determine whether blade operation at a turbine-inlet tempera-
ture of 1815° F will result in severe chordwise temperature gradients in
the strut. At present, chordwise gradients must be experimentally ob-
tained since anslytical techniques for calculating these gradients have
not been developed.

Favorable agreemént of calculated and measured strut temperatures
in the midchord region would be expected for an inlet-gas temperature of
1815° F _as was obtained in reference 3 for a lower inlet-gas temperature
of 1650° F. An increase of 165° F in gas temperature should not have a
large effect on the heat-trensfer factors used in the calculation of the

strut temperatures.

The data of "the strut blade-cooling effectiveness were obtained in
a full-scale, modified turbojet engine for a range of engine speeds from
4000 (i1dling engine speed) to 11,500 rpm (rated engine speed), which cor-
respond to turbine tip speeds of 450 and 1300 feet per second, respec-
tively. The turbine-inlet gas temperature ranged from 1050° to 1815° F.
During these tests, the coolant-flow ratio per blade was varied from
0.008 to 0.09 and the blade-inlet coolant temperature ranged from 120°

to 280° F.
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The steady-speed endurance investlgation was conducted at the rated
speed of 11,500 rpm (calculated centrifugal stress of 44,000 psi at base
of strut) and at turbine-inlet temperature of 1670° F. The cyclic type
of endurance operation consisted of a rapid acceleration from engine idle
speed to rated speed. Rated englne speed was maintsined for 15 minutes
and was followed by a rapid decelerstion to idle speed.

APPARATUS

In this investigation, the cooling effectiveness and blede durability
were determined from full-scale engine tests. Since the blades investl-
gated are identical in configuration to those of reference 3, only a brief
description of the blade along with the test engine is included herein. .
A detalled description of the blade design and febrication technique can
be found in reference 3.

Blades

The twisted airfoil-shaeped blades used in this investigation were
conatructed of five pieces - a strut, a split (two-plece) base, and a
two-piece shell - which were brazed into an integral structure. An iso-
metric view of the component parts 1ls shown in figure 1. Cross sections
of the strut configuration at three spanwise locations, blade root, 3/8

span, and 7/8 span (O, l%, and 3% in. from the blade base platform,

respectively), and pertinent configuration dimensions are shown in fig-
ure 2.

The strut and blade bases were fabricated from Timken 17-22A(S)
material, an glloy containing only 3 percent critical material. The thin
airfoil shell (0.020 in. thickness) was formed from N-155 material, an
alloy corntalning high percentages of nickel, chromium, and other critical
metals. This material was required in order to. provide sufficient shell
strength for elevated operating temperstures and to withstand the corro-
glve action of the hot combustion gases without the use of protective

coatings. The blade chord and blade span were approximately 2 and 4
inches, respectively. The weight of this blade 1s equivalent to that for

shell-gupported blades (of the same general blade size) and approximately
two~thirds that of the standard, uncooled blades of the test engine.

Because of lnexperience in brazing strut-supported blades at the
start of this investigation, numerous brazing cycles were required in the -
fabrication process. One cycle was required to braze the strut into the
split base, while a second cycle was used to braze the sghell to the strut.
In meny instences, rebrazes or additlonal cycles were found necessary
when the guality of previous brazes was questionable. Because 1{ was
thought thaet numerous brazing cycles were undesirable with respect to

.
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blade strength, the fabrication process was altered during the durability
investigation and will be discussed later. The various heat treatments
employed in the fabrication of the strut blades for the blade dursbility
tests will also be discussed 1n more detail in a subsequent section.

Engine

The strut blades used in the heat-transfer and blade-durability
pPhases of the lnvestigation were tested in & modified, full-scsle turbo-
Jet engine, the detailled description of which is given in reference 5.
The engine modification permitted the substitution of one to four air-
cooled turbine blades in place of the uncooled standard blades of the
test engine. Cooling gir weas supplied to the blades from an external
source through a tail cone modified to include & cooling-alr ducting
system. The engine was equipped with an adjustaeble tall-pipe nozzle so
that the turbine-inlet tempersture could be varied through a range at a
given engine sgpeed.

Instrumentation

Blades. - Chromel-alumel thermocouples and a thermocouple system
similar to that described In reference 5 were used in this investigation.
Three thermocouples were located on the air-cooled blades at the 3/8 span
position and were embeded in the strut near the leading-edge, mldchord,
and trailing-edge regions as shown in figure 2. The 3/8—span location
was selected for thermocouple instrumentation because calculations indi-
cated that this was the critical span location with respect to stress and
temperature. The cooling-alr temperature at the entrance to the blade
base was measured by a thermocouple that was inserted in a cooling-sair
supply tube on the rotor face, a set-up similgr to that described in

reference 5.

Engine. - The genersl Iinstrumentation of the engine, including the
measurement of combustion gas flow, effective gas temperature, and so
forth, was similar to that described in reference 5.

PROCEDURE
Experimental Procedure

Heat-transfer investigation. - The cooling effectiveness of the
strut blade was obtained from an experimental heat-transfer investigation
made in the full-scale turbojet engine and conducted in a menner similer
to that described in reference 5. Experimental data were obtained on two
strut blades over a range of engine speeds from 4000 (idling speed) to
11,500 rpm (rated speed) and over a range of turbine-inlet temperatures
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from 1050° to 1815C F. At each engine speed the cooling air was varled
over & range of coclant-flow ralios from approximately 0.009 to 0.09 per
blade. The resulting coolant temperature ranged from 120° to 280° F.
Thege values of coolant-flow ratio were deperndent upon a calibration of
coolant leakage between the rotating and stationary parts of the cooling-
air system. The calibration i1s described in reference 6.

Blade-durabllity investigation. -~ The durability of slx strut blades
was determined by two experimental methods of turbojet-engine endurance
teating; namely, steady-speed and cyclic-speed engine operation.

The steady-speed endurance testing was conducted at the rated engine
conditions of 11,500 rpm and & turbine-inlet gas temperature of 1670° F.
Four of the six blades were sublected to thls type of emdurance test.

Fach blade was tested separately and investigated at a predetermined
coolant-flow ratio to determine the blade life for that flow ratic. The
coolant-flow rate was adjusted to the desired value once the engine
speed and the gas temperature were established. Blade endurance was
investigated at cooclant-flow ratios of 0.01, 0.015, and 0.018.

In the cyclic phase of the investigation, each cycle consieted of
engine operation at idle conditions for 5 minutes (4000 rpm and a turbine-
inlet gas temperature of 1070° F), acceleration to rated engine condi-.
tions in 15 seconds (11,500 rpm and & turbine-inlet temperature of 1670°
F), 15 minutes at rated conditions, and then followed ty a deceleration
to ldle conditicons In 15 seconds. At the rated engine conditions, the
temperature of the uncooled standard engine blades (used as the effective
gas temperature hereiln) was 1450° F. —

Calculation Procedure

Experimental aversge strut temperatures. - The average strut temper-~
ature reported herein is the arithmetlc average of the leading-edge,
midchord, and treiling-edge sectlons of the strut at the 3/8 -span posi-
tion (fig. 2(b))-

Calculated strut and shell tempergtures. - The calculated tempers-
tures of the strut and shell of the strut-supported blade were determined
with the use of the electric analog described in reference 4. The method
for obtaining the tempersastures is comprehensively described 1n references
3 and 4. Blade temperatures were csalculated for strut blade locatlons a,
g, 0, and s shown in figure 2(b) (which correspond to locations a, g, O,
and s of figs. 9(b) and (c) of ref+4). Points a and g are shell loca-
tions while points o and s are strut locations. Temperatures were also
calculated at corresponding positions along the blade span at 1/2—inch
- intervals in order to gain knowledge of the spanwise temperatures and to

———

%489



687%%

NACA RM ES54J25 o : 7

provide a comparison wlth experimentally measured temperatures obtalned
at point s at 3/8-span location of the blade. Temperatures for the mid-
chord region of the blade were the only temperatures calculzted because
the theory used is applicable only to this region as cited in reference
4.

RESULTS AND DISCUSSION

The results of the investigation of the strut-supported blades dur-
ing engine operation are Included In the following sections entitled Heat-
Trensfer Investigation and Blade-Durebility Investigation.

Heat-Transfer Investigation

The heat-transfer investigation was conducted to extend the results
of reference 3 from a turbine-inlet gas temperature of 1650° to 1815° F,
an increase of 165° F. With this increase of only 165° F, 1t was expected
that the experimental midchord strut temperature would compsre favorably
with the analyticel predictions. It would be worthwhile, however, to
determine whether blade operation at the elevated gas temperature would
result in excessive chordwilse temperature gradients between the strut
midchord and the leading- or trailing-edge regions of the strut. AL
present, such gradients must be obtained by experimentel measurements
gince analytical methods have not been developed. The experimentally
obtained strut temperatures and a comparison of the midchord temperatures
with calculated values are presented. §Spanwise strut and shell tempera-
tures are also shown in order to indicate the problems associsted with
oxidation and braze strength for extended blade operation.

Experimental blade-tempersture distribution. -~ Strut temperature
variations measured at the leading-edge, midchord, and trailing-edge re-
gions of the strut are shown in figure 3. The date presented were ob-
tained at the 3/8 span posltion for a range of coolant-flow ratiocs and
for two nominal turbine-inlet geas temperatures of 1650° and 1815° F (cor-
responding nominal effective gas temperatures of 1425° and 1590° F,
respectively). Engine speed for these data was 11,500 rpm, which is
equivalent to a turbine tip speed of 1300 feet per second. The variation
of the coolant temperature measured at the blade bease is also shown. The
data shown for the lower gas temperature are the same as those shown in
figure 6 of reference 3, but are included herein for comparison with the
data obtained at the higher gas temperature.

For both gas temperatures, the strut data indicate that there 1is &
relatively small temperature difference between the leading-edge and
midchord regions of the strut, the difference being of the order of 20° F.
A larger temperature difference of approximstely 175° F occurs between
the trailing-edge and midchord regions of the strut, the difference being

L.
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primarily attributed to space limltations in the trailing-edge regiomn.
As can be seen in figure 2, the primary and secondary fins in this re-
glon are of relatively short length which tends to reduce the cooling
effectiveness of the strut and thereby to lncrease strut temperatures.

A substantial difference between the sgtrut temperature and the
effective gas temperature was obtained for this blade over the range of
coolant-flow ratlos investigated. For example, at a coolant-flow ratio
of 0.01 and an effective gas temperature of 1400° F, this difference is
gpproximately 400° F. For the higher effective gas temperature of 1590°
F and a comparable coolant-flow ratio of 0.012, this difference is of
the order of 575° F, a sizable temperature difference for a coolant-flow
ratio of such small megnitude. The data used for these curves as well
as strut-tempersture data for other engine operating conditlons are shown
in table I. Data are not presented for strut-temperature measurements at
other spanwlse locations because of thermocouple fallures early in the

investigation.

An indicatlion of the chordwise strut-temperature distribution near.
the blade base may Be obtained from a photograph of a bhlade ghown in fig-
ure 4; the blade shell was removed after operation at an englne speed of
11,500 rpm and & turblne-~inlet temperature of 1650° F. The heavy lines
on the strut are bands of temper color. (A temper color band on a metal
surface 1s a colored area or line caused by oxide formation at a specific
tempersture.) For g given material, say the strut materiel, the color of
the lines is dependent upon the lmposed strut temperature that occurs
during engine operation. A photograph of a blade in which only the lines
of 8 given color were shown would indlcate the isothermal lines. Line X
of figure 4 1s & typical i1sothermal line resulting from engine operation
at a given value of coolant-flow ratio. For a larger coolant-flow ratio,
greater cooling of the strut is obtained and the isothermal lipe occurs
at a greater raedial location, as line Y indicates. The temperature Indi-
cated by line X is i1dentical to that indicated by line Y. It is therefore
apparent that each separate line along the blade span is a temper line
for a different coolant-flow ratio. These separate lines of constant
temperature that occur along the blade span dre relastively flat in the
midchord reglon, thus indicating that there is a smail temperature gra-
dient at this location. Thls verlfies the basic assumption made in ref-
erence 4 for the calculation of sgtrut blade temperatures.

Comparison of calculated and experlimental midchord strut tempera-
tures. - A comparison of calculated and experimentally obtained midchord
strut temperstures at the blade 3/8-span location is shown in figure 5.
The calculated and experimental midchord strut temperatures and calcu-
lated midchord shell temperatures are presented for two nominal turbine-
inlet gas temperatures of 1650° and 1815° F corresponding to nominal
effective gas temperatures of 31425° and 1590° ¥, respectively) for a
range of coolant-flow ratios. The calculated and experimental strut
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temperatures for the lower gas temperature (fig. 5(a)) are identical to
those of figure 8 of reference 3. The calculated shell temperatures are,
however, for location a (see fig. 2(b)) and not the seme as the average
shell temperatures shown in reference 3.

For both values of turbine-inlet gas temperature, favorable agree-
ment was obtained between the calculated and experimental midchord strut
temperatures, the difference being of the order of 20° F. With sn in-
crease of gas temperature from 1650° to 1815° F, a large change in the
factors affecting heat-transfer (such as gas-to-blade heat-transfer coef-
ficient) was not expected. The favorable agreement shown in figure 5(b),
however, does provide additional verification of the method of calculat-
ing blede temperatures for strut-supported blades.

Knowledge of the shell temperatures is also required for strut-
supported blade designs. Possible oxidation problems and temperature
and shear stress limitations imposed by the braze between the shell and
the strut at elevated operating temperatures must be considered. For
both values of turbine-inlet gas temperature, the calculated midchord
shell temperatures for low coolant-flow ratios were of the order of 275°
F lower than the effective gas temperature. At larger coolant-flow rates
this difference is approximately 575° F. Experimental values of shell
temperatures, for comparison with calculated values, are not shown. The
thickness of the shell (0.020 in.) precluded measurements of shell tem-
peratures by means of thermocouples because at the present time, rotating
thermocouple instrumentation of sufficlent accuracy and dursbility for
such thin shells has not yet been fully developed. Nevertheless, the
calculated shell temperatures should be expected to be representative of
actual operating temperatures because of the favoreble agreement achleved
between calculated and experimentsl midchord strut temperatures. It is
interesting to note that for rated engine conditions and a coolant-flow
ratio of 0.03, the calculated midchord shell temperature of the strut
blade is approximately 200° and 300° F higher than measured midchord
shell temperatures of a tube-filled, shell-supported blade and a corru-
gated insert, shell-supported blade, respectively (ref. 7). A higher
strut blade shell temperature is typlcal for strut-type blades. Even
with the higher shell temperature shown, the strut or support member of
the strut blade in the midchord region is approximstely 275° and 175° F
lower than the midchord shell temperature (or temperature of the primary
support member) of the tube-filled &@nd corrugated-insert blades,
respectively.

Calculated spanwise temperature distribution for strut blade. - In
the design of strut-supported bledes, knowledge of the spanwise tempera-
ture distribution of the strut and shell 1s ususlly required. Calculated
spanwise strut temperatures and centrifugal stresses that would be ex-
pected during engine operation are used in conjunction with the strength
characteristics of the strut material to obtain adequate proportioning of
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the strut in order to provide sufficient blade life. Strut snd shell
temperatures along the blade spen are needed to esteblish whether oxida-
tlon problems will be encountered, and whether the brazed joint between
the shell and the strut at various span locatlons will safely withsteamd
the lmposed centrifugal load caused by the shell.

Figure 6 shows the results of such calculations for the strut con-
figuration investigated. The results presented are for a turbine-inlet
gas temperature of 1815° F (effective gas temperature of 1590° F), rated
engine speed of 11,500 rpm (tip speed of 1300 ft/sec), and two coolant-
flow ratios of 0.012 and 0.084. The calculated blade snd coolant tem-
reratures are for the effective gas temperature distribution shown. The
effective gas temperature dlstribution is typical for the turbojet engine
used In this Investigation and was extrapolasted for higher gas tempera-
tures from uppublished experimental results. The experimental midchord
strut temperature and the effective gas temperature at 3/8 span is also
shown. Over the length of the strut (3.55 in.) there is a steady in- ..
crease of strut tempersture of the order of 350° F for the lower coolant-
flow rate, while the increase in coolant temperature 1s approximastely
550° F.  For the larger cocolant-flow rate, the temperature rises are
considerably less, belng of the order of 200° F for the strut and approx-
Imstely 2259 F for the cooling alr. For both coolant-flow ratea the
largest temperature gradient in the blade occurs between points a and g
of the shell. For continued engine operation at the conditions shown in
figure 6(a), it appears from the shell temperature distribution that
serious oxidation of the shell msterlal used would not be expected. On
the otherhand, however, the calculated strut temperastures along the blade
span verified the need for the nickel-plate coating (ref. 3) of the steel
gtrut which was used in the fabrication of this blade. Whether a strut
has proper proportloning and whether the brezé media have sufficient B
strength to provide suitable blade life can be determined only from en
extensive endurance lnvestigation of—the blade at the englne conditlons
being considered. Endurance tests were not conducted in this investiga-
tion at the 1815° F turbine-inlet gas temperature because the standard,
uncooled. blades of the test engine would be Incapeble of sustalned opera-
tion at this temperature. . e el :

Blade-Duraebility Investlgation.

A total of six strut blaedes was used in the cyclic-speed and steady-
speed phases of the blade-Jdurabllity investigation. Strut blades 1 to 4
were subjected to steady-speed emdurance tests at rated engine conditions
of 11,500 rpm (turbine tip speed of 1300 ft/sec) and a turbine-inlet gas
temperature of 1670° F. FElades 5 and 6 were subjected to the cyclic-
speed endurancé testb, which consisted of. a rapid acceleratlon from idle
engine conditions to .rated engine conditions followed after 15 minutes-
by & rapid deceleration ta the idle engine conditlons. A detalled dis-
cusslon of the durabllity of each blade and a summary of the durability
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investigation ineluding pertinent strut blade design informstion are
included herein. The various heat treatments used during the course of
the durgbility investigaetion are given in teble II.

Strut blade 1. - This blade was glven heat treatment A (table II)
whilch consisted of a l-hour normalizing at 1725° F and a 4-hour temper
at 1225° F. During both these furnace treatments, the blade was pro-
tected from oxldation by immersion in an argon atmosphere. This heat
treatment was selected because of the resulting high stress-to-rupture
strength that 1is obtainable. After 2 hours and 29 minutes operation at
a low coolant-flow ratio of 0.01, a failure occurred in the strut at the
Jjunction of the strut and the blade base. A photograph of the blede
after the failure is shown in figure 7. Exsminatlon of the blade base
to ascertain the cause of the failure indicated a fatigue-type fracture,
asg evidenced by the light, semicircular areas of the strut shown in fig-
ure 7(b). It was observed that the fatigue cracks originsted on the suc-
tion surface of the blade and progressed toward the center of the strut
until a tensile fallure caused a complete strut rupture. A metallurgical
examination of the blade after faillure indicated that the cracks origi-
nated st approximately the same time, which shows that the stresses in
the strut are fairly uniformly distributed. The calculated centrifugal
stress imposed on the strut st this blade location was 44,000 pounds per
square inch. The nature of the failure denoted that the strut material
did not have sgufficient ductility to withstand the combination of the
imposed vibratory stresses, centrifugal stresses, and stress concentra-
tions caused by the notches in the fillet region of the blade.

Strut blade 2. - The knowledge gained from the experimental results
of blade 1 was then employed in the fabrication of blade 2. This blade
was given heat treatment B, a treatment similar to A (blade 1) but with
a tempering temperature 125° F higher (1350° F). A higher tempering
temperature was used in order to increase the ductlility of the strut
material in an attempt to eliminate possible fatigue fallures. The
coolant-flow ratio used for the endurance evaluation of thls blade was
increased to 0.015. After approximately 10 hours of operstion at this
coolant-flow rate, an inspection of the blade revealed cracks in the thin
shell material in the fillet region of the blade on the suction as well
as the pressure side of the blade. Operation of the blade with these
cracks was contlnued, however. Cracks in the shell are not expected to
seriously affect the strength since the strut, and not the shell, is the
primary support member. After 30 hours and 50 minutes of engine operation
a fatigue-type fallure, similar to that of blade 1, occurred in the base
region of the strut. Although the blade life was greater than that for
blade 1, it was less than expected from stress-to-rupture considerations.
The increase in tempering temperature d41ld not eliminate the fatigue

problem.

It was now felt that the number of brazing cycles used in the blade
fabrication process of blades 1 and 2 might have a more detrimental effect

A
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on blade life than was thought earlier. Blades 1 and 2 were subjected
to four.and three brazlng cycles, regpectively, because of the fabrica-
tion problems discussed earlier in the description of the blades. The
corrosive action of the braze on the strut fins in the fillet region of

a strut blade which has been subjected to several braze cycles 1s shown
in figure 8. The flgure indicates where the thickness of the fins has
been reduced by the corrosive actlion of the braze. Successive cycles
also Increased braze diffusion into the strut material, causing a brittle
and notch-sensitive material. -

The extent of braze peneiration into a typlcal 0.020-inch secondary
fin of strut blade 2 determined from a mlcroscoplc examination of a square
section of the blade rempved after failure is shown in figure 9. The
enlarged view is a sectiion where the secondary fin is brazed into the
blade base. The normal grain structure of the 17-22A(S) material and the
braze-affected grain structure of the secondary fin can be readily seen.
Complete intergranular dlffusion of the braze material through the fin
shown in figure 9 was observed in many other secondary and primary fins
(0.040 in. thickness). It is believed that the large grasin size in con-
Junction with braze diffusion ig conducive to fatigue-type failures
(ref. 6). BSevere undercutting of the fin by the braze materisl also
occurred (see fig. 9). Similar undercutting and diffusion was also evi-
denced in s durabllity investigatlon of a tube-filled, shell-supported

blade (ref. 6).

Strut blade 3. - In an effort to réduce possible braze penetration,
strut blade 3 was brazed I1n only one cycle by altering the blade fabrica-
tion technique. The hlade was given heat treatment A and operated at a—
coolant-flow ratlo of 0.0l; the heat treatment and coolant-flow rate being
similar to that for blade 1. After 3 hours and 5 minutes, the now famil-
iar fatigue-type fallure occurred in the base fillet regiton of the strut,
a fallure similar to that shown In figure 7. Although it is thought that
repeated braze cycles have a detrimental effect on blade 1life, this did
not seem to be the only cause of failure, because the life of blade 3
was only a little longer than that of blade 1.

Strut blade 4. ~ The fact that blade 3 falled In fatigue after the
use of only one breze cycle indicated that an even greater amount of-strut
ductility was needed In conjunctlon with the use of one braze cycle.
Strut-blade 4 was therefore assembled in one brazing operatlon and given
heat treatment C, a treatment slightly different from A. The base of the
blade and a portion of the strut extending from the base to 3/4 inch meas-
ured from the top of the Dblade platform was submerged for 1 hour 1in a
salt bath at 1375° F. The salt bath provided a tempering temperature
150° F higher than that of blade 3. Thig type of dual tempering treat-
ment of the blade base section was demonstrated 1In reference 6 to greatly
improve the blade life of ailr-cocled, shell-supported blades. The im-
provement in strut blade life was not so apparent, however, because after

3489
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only 14 hours and 25 minutes at a coolant-flow ratio of 0.018, s fatigue-
type failure occurred in the base region of the strut; the failure was
similar to that shown iIn figure 7. If the fatigue-type fallures can be
prevented by Improved ductility with some sacrifice in stress-rupture
properties, a tempering temperature higher than 1375° F will be required.

Strut blades 5 and 6. - Strut bledes 5 and 6 were previously used
in the limited heat-transfer and cyclic endurance investigation of ref-
erence 3. As clted in the reference, the blades successfully completed
10 cycles at each coolant-flow ratio of 0.05 and 0.03. These blades were
also used in the heat-transfer investigation described herein. This
cyclic endurance investigation 1s a continuation of the endurance inves-
tigation of reference 3 and was conducted at lower coolant-flow rates.

Cyclic-type operation was chosen so that the blades would be exposed
to repid changes in gas temperature and centrifugal stress level. Rapid
changes in gas tempersture cause severe temperabture gradients and result-
ing thermsl stresses between the shell and the strut, a result of the
quicker temperature response of the thin shell‘'to this change as compared
with the slower respoiise of the more massive strut. During the course of
the cyclic endurance investigation, strut and gas temperature measure-
ments were made in the acceleration and deceleration phases of the cycles.
The response of strut tempergtures was measured to obtain an insight into
the severity of the resulting thermal stresses. Temperagtures at the
leading-edge, midchord, and trailing-edge regions of the strut are shown
in figure 10 for & range of coolant-flow rgtios. Considerable time lag
of the strut temperatures was observed for the coolant-flow rates inves-
tigated. In many instances, a period of 5 minutes or longer elapsed
before the temperature of the strut reached equilibrium. Shell tempera-
tures were not measured because of the aforementioned reasons. The large
time lag of the strut in conjunction with the quick response (or small
time lag) that would be expected for the thin shell is the cause of the

severe thermsal] stresses.

In this investigation, the two blades successfully completed 10
additional cycles at a coolant-flow ratio of 0.02. The two blades did
not fall at these coolant-flow rates, even when operated with extensive
cracks in the fillet between the shell and the blade base. These cracks,
which occurred prior to the hegt-transfer and cyclic tests of reference
3, were the result of an attempt to weld the shell to the blade base at
several. locations where incomplete brazing was observed.

On the first cycle at a coolant-flow ratio of 0.01, blade 6 falled
in fatigue in the base region of the strut; the failure being similar to
those described previously. At the time of the heat-transfer investiga-
tion it was expedient in the test program to omit the usual heat treat-
ment, and as a result blade 6 was tested in the "as brazed" condition
(heat treatment D). This condition results in a brittle material which
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in combination with braze penetration may account for the relatively
early blade failure. The total operating time for this blade was 18
hours and 37 minutes, which included opération in the heat-transfer in-.
vestigation. In the hegt-transfer investigation, the blade was operated
at higher coolant-flow ratios and lower engine speeds than blades of the
endurance investigation.

Cyclic operstion was continued on blede 5 at the coolant-flow ratio
of 0.0l. On the first cycle the tests were interrupted because of a
failure of the shell in the leading-edge region, where a 1/2 inch-
dlameter hole developed at 1/4 span. (This blade shell was damsged pre-
viously at this location while the blade was being removed from the test
engine.) A pabch of 0.007-inch sheet was then brazed across the hole
and the cyclic operation on this blade was continued. After 14 success-
ful cycles at the coolant-flow ratlio of 0.01, a failure of the patch
caused the termination of tests on this blade. Upon removal of the
blade Bhell from the strut, & microscopic examination of the strut fins
in the shell fillet region on the suction surface of the blade revealed
fatigue cracks in the fine which had already progressed toward the center
of the strut. The total operating time of blede 5 at a coolant-flow
ratio of 0.0l and rated speed of 11,500 rpm was approximately 5% hours.

This time is comparable with that of blades 1 and 3 operated at the same
coolant-flow ratia. - The entire operating life of blade 5 was 25 Hours™
and 7 minutes and included operation during the cyclic and heat- transfer
phase of this investigabtion and that of reference 3. The relatively long
life of this blade, which was subjected to four braze cycles, is believed
to be attributable to the use of rapld brazing cyclee, as will be dis-
cussed in the subsequent section. o

The results obtalned in the cyclic phase of tThe investigatlion were
less than a goael of 200 cycles, which geccecording to reference 8 was con-
sidered a sufficient length of time to demonstrate adegquate blade dura-
bility. These results were encouraging, however, because totals of 44
cycles and 30 cycles were successfully completed on blades 5 and 6,
respectively. The results Indicated that no addltional problems were
encountered during cyclic operation other than the fatigue failures ex-
perienced earller in the steady-speed engine operation of blades 1.
through 4.

Summary of strut blade-durabllity investigastion. - A summary of the
strut blade 1life, corresponding hegt treatments, and other pertinent _
operating information for the six struk blades 1s given in table III. A
considerable amount of design informetion was obtained from the endurance
testing of the six strut blades. It was found that braze penetration was
a more serious problem then expected and should be given due considera-
tion in the design of strut-type blades. It is also advisable to fabril-
cate the blade in as few braze cycles as posaible as well as to reduce
the amount of brazing in order to minimize braze diffusion. Braze dif-
fusion can probably be reduced by the use of faster brazing cycles than
those used herein. - : e meeetaa mn s -
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During each braze cycle, blades 1 to 4 were subjected to a tempera-
ture of 2150° F for 15 minutes and temperatures above 1850° F for approx-
imately 2 hours. During this period considersble diffusion can occur.
This relatively long duration sbove 1850° F was required becsuse of the
limitation of the heating capacity of the FPurnace that was used. Blades
S and 6 were both brazed in a hydrogen furnace. The duration of each
braze cycle at elevated temperatures for these two blades was much less
than the 2 hours required for blades 1 to 4. A metallurgical examinstion
of blade 8 after failure showed that the braze penetration was less than
that for blades 1 to 4, inclusive. An examination of blade 5 was not made,
although the braze penetration should compare with that for blade 6. It
is believed that the favorable 1ife of blade 5, as compared with blades
1 and 3 which were operated at the same coolant-flow ratio of 0.01, is
caused by thils reduced braze penetration. Diffusion of the braze into
the strut materizl can probably be further reducéd by the use of a more
repid cycle obtained from an inductlion heasting element located inside
the furnace. Another possible means of eliminating the braze diffusion
problem in the base region of the strut 1s to cast the strut integrally
with the blade base and thereby eliminate the brazing cycle that is
normally required for this operation.

In the design of strut-type blades, effort should also be made to
reduce the notch effect in the fillet region of the blade; the notches
in conjunction with a nonductile type of material are thought to be the
primary cause of the blade failures reported herein. Generous f£illets
and s tempering temperature resulting in good ductility should be used
when possible. )

A valid comparison of strut blade life with that of the 10-tube,
shell supported blade of reference 6 could not be made with any degree of
certainity because of the limited strut blade durgbility dats. The lim-
ited number of strut blades tested (six), however, did give indications
that this type of blade will probably have a greater life than that of
the tube-filled, shell-supported blade over the range of coolant-flow
ratios investigated.

SUMMARY OF RESULTS

The following results were obtalned as part of a development program
conducted to determine the cooling effectiveness and durgbllity of air-
cooled, strut-supported turbine blades. The strut blades used 1n this
investigation had an airfoil shape, twisted from base to tip. The struts
for these blades were machined from 17-22A(S) steel. '

1. Apprecisgble cooling of the support member of the strut-supported

blade was obtained during operation in a full-scale turbojet engine. Al
a coolant-flow ratio of 0.012 and a turbine-inlet gas temperature of
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1815° ¥, for example, the difference between the averasge strut tempersa-

ture of 1025° F and the effective gas temperature was approximately

5750 F. At this gas tempersasture the differences between the midchord SR
strut temperature aml the leading-edge regions and between the midchord '
and the tralling-edge regions were 20° and 175° F, respectively; these -
values gagreed well with those obtalned at s lower inlet gas temperature :

of 1650° F.

2. Calculated midchord strut temperatures at the 3/8-span location
were 1n favorable agreement, as expected, with strut temperatures meas-
ured during engine operation at a turbine-inlet temperature of 1815° F.
Calculated midchord strut temperatures were approximately 20° F lower -
than experimental values. ’

3489

3. Calculated spanwise blade tempergtures for a turbine-inlet gas
temperature of 1815C F verified the need of a protective coating of the N
steel strut to prevent oxidation. C(alculated shell temperatures indi- . o -
cated that. a protective coating was not needed. for the shell of N-155 IR

meterial.

4. The results of the steady-speed endurance investigation of four . _
strut-supported bladés, conducted in a full-scale turbojet engine at a = . . .
speed of 11,500 rp@ @hd turbine-inlet temperasture of 1670° F, gave indi- « -
cation that strut blade life will probably be greater than that for a
10-tube, alir-cooled, shell-supported blade niade from the same material . .
and operated at similar coolant-flow ratios.. The four blades failed in. s
fatigue at the base region of the strut and not in stress-rupture as . -
desired from the blade 1life viewpoint. Calculated centrifugal stress in o
the strut at this point was 44,000 pounds per square Inch. A metallurgi-
cal examingtion of the blades after fallure showed severe braze penetra-
tion into the strut material. Blade failures were attributed ta the com-
bination of. braze penetration and a strut material having insufficlent— P
ductility to withstend the combination aof the imposed vibratory and cen- .
trifugal stresses and the. stress concentrations caused by the notches in
the fillet region of the blade. ZElimination of the fatigue failures to
increase blade life would probably require & different fabrication tech-

nique and- heat treatment. : N - o -

5. Two strut hlades were subjected to a cyclic endurance investiga-
tion in a full-scale turbojet engine. - These cycles conslsted of a Tapid
acceleration from engine idle to rated engine corditions, followed after
15 minutes at rated conditions by a rapld deceleration to 1dle conditions.
In addition to the successful completion of 10 such cycles at coolant-
flow ratios of 0.05 &nd 0.03 as reported earlier, both blades successfully _ .
completed 10 additional cycles at 0.02. One of the two blades success- -
fully compléted 14 cycles. et 0.01l. Blade failures also.occurred in
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fatigue in the base regions of the struts. The cyclic endurance results
were encouraging even though the average life of each blade (approxi-
mately 40 cycles) was less than a goal of 200 cycles.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 25, 1954
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TABLE I. - SUMMARY OF HEAT-TRANSFER INVESTIGATION
Engine |[Average [TurbinejCoolant-| Strut temperature at 3/8 span (Coolant
speed, |effective|inlet |[flow tempera-
rpm gas tem- |[gas ratic LeadinglMidchord, Trailing ture &gt
perature |temper- edge, °F edge, blade -
(uncocled|ature, °F °F base,
blade °E °F
temper-
ature),
°F
4,000 | 1064 1070 0.075 350 345 470 120
083 385 380 510 120
.049 440 440 560 130
.039" 430 430 605 135
.027 525 520 635 140
.018 _ 560 560 660 145
.010 620 615 710 155
8,000 980 1050 0.074 290 280 385 125
.059 325 315 430 128
.043 365 355 475 130
.032 415 405 525 135
.025 450 440 555 145
.018 495 485 590 155~
.010 565 550 640 170
10,000 1050 1180 0.072 315 300 415 135
.056 345 335 460 135
.041 390 385 520 140
.030 455 450 580 145
.025 495 490 620 155..
.017 560 550 665 170
.009 715 680 740 185
11,500 | 1425 16850 0.079 420 405 565 16Q
.060 470 450 630 165
.045 525 510 695 175
031 620 605 795 185
.027 670 660 850 195
019 755 735 g10 215
.010 1000 260 1040 245
11,500 | 1590 1815 0.084 460 440 630 170
.064 510 495 710 175
.048 585 565 790 180
.035. €80 670" 900 195
.029 740 730 955 210
.021 820 800 1020 235
.012 280 955 1130 280

3489
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TABLE II. - SUMMARY OF HEAT TREATMENTS

Beat
treatment

Process

A

Normalized at 1725° F for 1 hr and tempered
at 1225° F for 4 hr. Both operations
performed in an srgon atmosphere.

Normalized st 1725° F for 1 hr and tempered
at 1225° F for 4 hr and at 1350° F for 1
hr. All operatlions performed in an argon
atmosphere.

Normalized at 1725° F for 1 hr, tempered at
1225° F for 4 hr. Both operations per-
formed in an argon atmosphere. gSalt-
dipped at 1375° F for 1 hr.

As brazed (15 min at 2150° F in vacuum).

19



TABRLE IIT. - SUMMARY COF HEAT-TRANSFER AND ERDURANCE CHARACTERISTICS
QF STHRUT-SUFPORTED BLADE
Blade|Phase of Heat treatment |Number of |Toetal running Remarks
- |investigetion |{see table IT)|braze time
cycles HEr| Min

1l |Steady-speed A 4 2] 39 Strut fallure after 2 hr 29 min et
endurance 0.01 coolant-flow ratio

2 |Steady-speed B 3 35| 47 Strut failure after 30 bhr 50 min
endurance gt 0.015 coolant~-flow ratic

3 |Steady-speed A 1 31 16 8trut fatlure after 3 hr 5 min at
endurance 0.01 coolant-flow ratio

4 18teady-speed C 1 17| 35 Strut fallure after 14 hr 25 min at
endurance 0.018 coolant-flow ratio

5 |Heat-transfer A 4 25 7 Completed heat-transfer tests and
and cyclic 10 cycles each at 0.05, 0.03, 0.02,
endurance and 14 cycles at 0.0l coolant-flow

ratio. Test terminated after second
fallure of shell; previously damaged
and repalred during heat-transfer
testing '

6 [Hest-transfer D 4 18 37 Completed hest-trsnafer tests and 10
and cyclic cyclee each at 0.05, 0.03, and 0.02
endurance coolant-flow ratio. 8Strut fellure

on firet cycle &t 0.01 coolent-flow
ratlio

68%% '
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S B member)
, .
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3

-Figuré 1. - Isometric vieﬁ of twisted-airfoll, air-cooled, strut-supported;

turbine blade. .,
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Figure 2. - Profiles of twisted-airfoll, strut-supported blade at three spanwise
positions showing pertinent blade dimensions and locations of thermocouples
and polnts for tempersture analysis.
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g (2) 1650° F nominal turbine-inlet ges temperature. (Data
) from fig. 6, ref. 3.
& 1600 o —=c o o =
&
1200
\n\
800 ~
\‘—p
400
\q\Lq‘
0 .02 04 .08 .08 .10

Coolant-flow ratio
(b) 1815° F nominel turbine-inlet gas temperature.

Figure 3. - Variatlon of experimental strut temperatures of air-
cooled, strut-supported blade at 3/8 span with coolant-flow
ratio at 11,500 rpm for nominal turbine-inlet gas tempera-
tures of 16850° and 1815° F. (Mezsured effective gas tempera-

ture and cooling-alr temperature at blade base are also shown,)
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E‘igure- 4. - Constant tem?éf;&?é lines (temper color bands) ‘of sfruts
supported blade after heat-transfer tests.
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Tigure 5. - Comparison of calculated and experimental midchord strut
and shell temperatures st 3/8 span for range of coolant-flow ratios.
Comparison made for nominal turbine-inlet gas temperatures of
1650° F and 1815° F for engine speed of 11,500 rpm. Cooling-air

temperature at blade base also shown.
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Figure- 6. - Calculated spanvise temperature distribution for several midchord blade
locations for 0.012 and 0.084 coolant-flow ratios at nominal turbine-inlet gas
temperature of 1815° F. Measured sirut and effective gas temperatures at 3/8

span (l% in. from base) alsc shown.
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Figure 9. - Microstructure (40X size) of section af strut f£in and dlade
base showing extent of braze penetration for strut blade 2.
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